The magnetization reversal process of Fe thin film wire is studied based on two-dimensional micromagnetic simulation. It is demonstrated that the external field parallel to the width direction results in the formation of a 180°Néel wall, whereas the field applied to the thickness direction yields the Bloch-like walls, which turn into C-type walls in the residual state. These behaviors are explained by the anisotropic dependence of wall energy in the direction of the external field. The stray field during this process is analyzed in detail.
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I. INTRODUCTION
Ferromagnetic metal/semiconductor ͑FM/SC͒ hybrid structure has been attracting great attention in the field of spintronics as a candidate for use in spin-related devices, such as spin transistor. [1] [2] [3] The Fe/InAs structure is among the most promising FM/SC structures enabling decent Ohmic contact without thermal reaction process at the interface. 4 A recent work by Yoh et al. 5 has demonstrated the possibility of realizing a high efficient spin injection in the Fe/InAs structure. It is to be noted that micromagnetic details, such as magnetic domain pattern and domain wall structure in ferromagnetic electrode, are of critical relevance to the spin injection phenomena. The high efficient spin injection in Ref. 5 has been observed in a device with the electrode consisting of Fe thin film wire with a thickness of 30− 40 nm and a width of 1 − 2 m. Although an accurate estimation on spin injection efficiency requires quantitative knowledge about the external field dependence of the micromagnetic state in the electrode, such field dependence in the Fe thin film wire employed in Ref. 5 remains to be clarified. The experimental observation of the external field dependence of a magnetic domain structure in a ferromagnetic thin film generally involves a technical difficulty to measure a weak magnetic contrast at a finite external field and most of the domain imaging studies for the Fe film have been carried out at zero external field. [6] [7] [8] [9] [10] [11] Although domain patterns in the Fe film as a function of the field have been successfully investigated in recent works by means of Lorentz electron microscopy, [12] [13] [14] magnetic force microscopy ͑MFM͒, 15 and magneto-optic microscopy, 16 the microscopic details of domain wall structure and its stability under the external field have not been experimentally scrutinized. The micromagnetic simulation has been recognized as a powerful method to describe/predict the micromagnetic phenomena within a continuum system. [17] [18] [19] [20] [21] In this article, we report the micromagnetic simulation for the magnetization reversal process in the Fe thin film wire utilized in Ref. 5 .
A number of micromagnetic simulations have been performed for the Fe thin films, 6, 7, 9, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] focusing on the most stable domain wall structure at zero external field. Several micromagnetic simulations have revealed that C-type wall, i.e., the Bloch-like in the interior of film and the Néel-like near the surface, is the most stable 180°wall structure in the Fe thin film with a wide range of film thickness 60-3800 nm ͑Refs. 7, 22, 24, and 28͒ and the Néel wall structure is stable in the film with smaller thickness. 9, 31 It should be noted that the character of the wall structure is essentially dependent on the external field. The micromagnetic simulation for Permalloy with 50 nm thickness 32 has indicated that domain wall transition from asymmetric Bloch ͑C-type͒ wall to Néel wall occurs with increasing the external field in the in-plane hard axis. Although there have been several simulation studies on the magnetization reversal process for the Fe films, 21 ,33 the main concern in these studies was placed on the evolution/ devolution of domain pattern and, to the best of authors' knowledge, the field dependence of wall character in Fe thin film has not been seriously addressed yet. The particular attention in this study is thus directed to the dependence of wall structure on the field strength and direction.
The quantitative information on the stray field associated with the micromagnetic state in the ferromagnet provides a fundamental information in the MFM analysis on the micromagnetic state and in designing a spin-related device structure. The calculation of stray field stemming from a given micromagnetic state of ferromagnetic electrode has been reported for Permalloy thin film, 34 MnAs stripe, 35 and Fe thin film. 21, 31 The stray field behavior due to the existence of domain walls 31, 34 and the hysteresis curve of spatially averaged stray field under the external field 21 have been analyzed in detail. In the present study, the spatial profile and the hysteresis behavior of the local stray field during the magnetization reversal process of the Fe thin film wire are com-puted. It will be demonstrated that the formation of domain wall and the domain wall transition are quite sensitively manifested in the stray field behavior.
The organization of the present article is as follows. The computational details are presented in Sec. II, followed by the calculated results and discussions in the Sec. III. We first identify the type of the most stable domain wall in the Fe thin film wire at zero external field. Our attention is then directed to the magnetization reversal process under the external field. It is shown that the external field applied to the width direction yields 180°Néel wall, whereas the field parallel to the thickness direction leads to the formation of 180°C -type and Bloch-like walls. These behavior are discussed in light of anisotropic dependence of wall energy on direction of the field. Then we discuss the stray field behavior during these magnetization reversal processes and the summary is given in the final section,
II. COMPUTATIONAL DETAILS
Within the micromagnetics, the magnetization vector distribution M͑r͒ has a constant magnitude given as the saturation value, M s , over the whole system and the main concern is placed on the direction of the local magnetization vector, more precisely, a unit vector defined as M͑r͒ / M s = ͑m x , m y , m z ͒. 18 The total energy of the system, which is a functional of m x , m y , and m z , consists of the exchange energy, crystalline anisotropy energy, demagnetization energy, and Zeeman energy. 18 In the present calculation, we employed the following values for Fe, 36 saturation value of the magnetization vector, J s = 0 M s = 2.15 T, exchange stiffness constant, A 0 = 2.5ϫ 10 −11 J / m, cubic anisotropy constant, K 0 = 4.6ϫ 10 3 J / m 3 . Our focus in this study is twodimensional simulation for the Fe film wire and, accordingly, we used the LaBonte's expression for the demagnetization energy. 37 The energy minimization was performed by numerically integrating the Landau-Lifshitz-Gilbert ͑LLG͒ equation 18 based on simple forward difference method with ⌬t ϳ 0.1 ps, which is sufficiently small to avoid numerical instability. The stopping criterion for steady state is given as ͉m i ͑t + ⌬t͒ − m i ͑t͉͒ Յ 10 −4 for three direction cosines at all spatial points. In preliminary calculations, we also performed the energy minimization based on the relaxation method employed in Ref. 37 and observed that there was no virtual difference in the stable domain wall structures at zero field obtained from the relaxation method and the LLG integration. The detailed comparison between the solutions by the LLG equation and the relaxation method can be found in Ref. 30 .
As we employed our self-written code, the reliability of our calculation has to be mentioned here. It is first stressed that the focus of this code is a two-dimensional x − y system with infinite length along the z direction. Hence, the reliability of this code cannot be tested by the Mag standard problems of the National Institute of Standards and Technology of which focuses are three-dimensional finite bodies. 38, 39 Instead, we observed that our self-written code successfully reproduces the domain wall structure given in Fig. 3 of Ref.
37. Also, the preliminary calculations using our code demonstrated that the C-type wall is the most stable 180°domain wall structure in the Fe film with a wide range of thickness from 145 to 500 nm as is consistent with the reported works of Refs. 22 and 24. In addition, we performed several preliminary calculations using the different self-written codes for three-dimensional calculations based on the demagnetization energy expression in Ref. 40 . It was demonstrated that several results shown in this article ͑such as Figs. 2-5͒ were almost identical to the ones obtained from such threedimensional codes with employing the same calculation condition, but assigning a finite value to the z direction of element cell edge ͑typically 20 mm͒ and periodic boundary condition along the z direction. As the three-dimensional simulation for the Fe thin film wire of our interest requires an arbitrary value to be assigned to size of element cell along the z direction, we present the results obtained from the twodimensional code based on LaBonte's demagnetization energy expression. Figure 1 schematically represents a two-dimensional system of the present concern. The Fe thin film wire with a thickness of 40 nm and a width of 1 m is placed on the top of semiconductor ͑or vacuum͒ region. The thickness direction ͑y direction͒ corresponds to the ͓001͔ direction of bccFe, whereas the width direction ͑x direction͒ is ͓110͔. In the micromagnetic simulation, a rough discretization of computational region leads to a large error in a calculated result. 19, 41 It has been recommended that the computational element size should be smaller than the stray field exchange length
1/2 and also the wall width parameter ͑A 0 / K 0 ͒ 1/2 to achieve sufficiently high accuracy. 41 These are
= 73.72 nm for Fe. In all the calculations in this study, we used a two-dimensional element size of 2.5ϫ 2.5 nm and, accordingly, the computational region is divided into 400 ϫ 16 element cells with a Neumann boundary condition applied to the surface cells. The gray region ͑vacuum͒ in Fig. 1 represents the computational region for the stray field originating from the Fe thin film wire. The analytic expression for the stray field of a rectangular ferromagnet with a constant magnetization has been recently derived in Ref. 42 and this expression has been applied to the stray field calculation for a nonuniform magnetization pattern by simple superposition in Ref. 35 . In this study, we calculate the stray field for the Fe thin film wire at the external field based on this expression. 
III. RESULTS AND DISCUSSIONS

A. Most stable domain wall at zero external field
Without the external field, the ground state of magnetization vector distribution in the Fe thin film wire corresponds to the state with all the magnetization vectors uniformly pointing to the z direction ͑the ͓110͔ direction of bcc-Fe in the present structure͒, which has been confirmed by our preliminary calculation. As demonstrated later, the external field results in formation of Néel, C-type and Bloch-like walls, depending on the field strength and direction. In this section, we identify the most stable 180°domain wall structure at zero external field.
As mentioned in the introduction, the type of domain wall essentially depends on the film thickness. The domain wall structure of Fe film with thickness ranging from 30 to 500 nm has been investigated by means of high resolution MFM. 11 It has been revealed that the stable 180°domain wall structure varies from the Bloch-type to the Néel type character with decreasing the film thickness. Several micromagnetic simulations have demonstrated that the C-type wall is the most stable in the Fe thin film with a wide range of film thickness, 60-3800 nm. 7, 22, 24, 28 It should be noted that in these experimental and theoretical works, the 180°domain wall separates the domains having the magnetization vector parallel to one of ͗100͘ directions. Because of the shape anisotropy, in the present system, the magnetization vector points to the wire direction without the external field and 180°domain wall ͑normal to ͓110͔ direction͒ separates the domains having the magnetization vectors parallel to ±͓110͔ direction.
In order to identify the most stable domain wall at zero field, we focus on the system in which a single domain wall exists at the center of the film. One of three possible domain walls, Bloch, Néel, and C-type walls was introduced in the system by minimizing the total energy starting from different initial conditions. The calculated total energies of these domain walls are shown in Table I , where the contribution of the exchange, crystalline anisotropy, and the demagnetization energies are also indicated. It is seen that the Néel wall is the most stable domain wall without the external field. As discussed in the following section, the domain wall energy essentially exhibits an anisotropic dependence on the external field and appearance/disappearance of domain wall and the transition from one to another type of wall are observed during the magnetization reversal process.
B. Magnetization reversal process
Our focus in this section is the magnetization reversal process. First the external field is applied to the width direction of the wire ͑x direction͒. The preliminary calculation showed that the external field of 0.5 T is large enough to saturate the wire along the x direction and, therefore, the lower and upper limits of the field were set to be −0.5 and 0.5 T, respectively. The external field is decreased ͑or increased͒ with the interval of 0.01 T and the steady state at each field is calculated from the state which corresponds to the steady state at the previous value of field. Starting from various initial micromagnetic states such as random distribution, uniform alignment along the x or z direction, we observed unique hysteresis behavior after one cycle of the external field variation. Figure 2 represent the hysteresis curve of the Fe film wire under the external field in the width direction. Shown in Fig. 3 is the magnetization vector distribution at each external field indicated by black circles in Fig. 2 . At B app,x = −0.5 T ͓Fig. 3͑a͔͒, the magnetization vectors are uniformly aligned with the −x direction except for the edges where z and y components rise slightly due to the edge effect. One can see that as increasing the external field, the magnetization vectors gradually rotate to the +z and −z directions at the left-and right-hand regions, respectively ͓Fig. 3͑b͔͒, leading to the formation of 180°Néel wall at the center of film ͓Fig. 3͑c͔͒. Then, the magnetization vectors in both the domains rotate to +x direction ͓Fig. 3͑d͔͒ and 180°Néel wall finally disappears at B app,x = 0.5 T ͓Fig. 3͑e͔͒. As one can readily grasp from Figs. 3͑a͒ and 3͑e͒, the formation of Néel wall is a natural consequence of magnetostatic energy relaxation at the wire edges.
Shown in Fig. 4 is the hysteresis curve under the external field in the thickness direction ͑y direction͒. Our prelimi- 
FIG. 7. External field dependence of the domain wall energies per unit area.
͑a͒ the external field applied to the x direction and ͑b͒ the field applied to the y direction.
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nary calculation showed that in this case, the external field of about 2.0 T is required for the saturation of sample. In this study, the lower and upper limits of the external field were set to be −2.5 and +2.5 T, respectively. The inset in Fig. 4 is a magnification in the vicinity of the B app,y = 0. One sees quite different hysteresis curve from the one shown in Fig. 2 . As increasing the external field from B app,y = −2.5 T ͑solid line͒, the magnetization first keeps the constant value of −1.0 and then a slight but sharp rising is observed at −1.80 T, followed by nearly linear increment. Figure 5 represents the magnetization vector distributions at the external field indicated by black circles in Fig. 4 . At B app,y = −2.5 T ͓Fig. 5͑a͔͒, the magnetization vectors are uniformly aligned with the −y direction except for the edges and, then, the magnetic domains having a small magnitude of the z component start to appear with the formation of two Bloch-like walls at B app,y = −1.80 T ͓Fig. 5͑b͔͒, which corresponds to the sharp rising portion in the hysteresis curve. One can clearly see that there exist two Bloch-like walls at B app,y = −1.00 T. As the external field increases, these domain walls turn into C-type walls to reduce the stray field ͓Fig. 5͑c͔͒. Further increase of external field gives rise to the transition from the C-type walls to the Bloch-like walls having +y component ͓Fig. 5͑d͔͒ and finally wipes out the domain walls ͓Fig. 5͑e͔͒.
It is to be noted that the hysteresis behavior shown in Figs. 2 and 4 are well known as easy-axis and hard-axis hysteresis behavior, respectively, due to the shape anisotropic effect.
12,15,43,44 Importantly, the external field applied to the width direction yields 180°Néel wall, whereas the field parallel to the thickness direction leads to the formation of 180°C -type and Bloch-like walls. As already mentioned, the formation of the Néel wall, shown in Fig. 3 originates from the magnetostatic energy relaxation at the wire edges. In Fig.  5͑a͒ ͓Fig. 5͑f͔͒, however, the magnetization vectors at edges of both sides are aligned to the −y ͓+y͔ direction without the z component and, therefore, the formation of Bloch-like domain walls is not ascribable to the magnetostatic energy relaxation at the edges. Although in the preliminary calculation, we observed the same hysteresis behavior shown in Figs. 4 and 5 after one cycle of the external field variation, irrespective of the initial condition for the micromagnetic vector distribution, the formation of two Bloch-like walls is associated with the numerical accuracy. Small fluctuations in orientation of magnetization vector, which is due to the numerical error, trigger the formation of the domain walls in Fig. 5 . In fact, the simulations with less numerical accuracy, i.e., with using stopping criterion of ͉m i ͑t + ⌬t͒ − m i ͑t͉͒ Յ 10 −3 demonstrated that four Bloch-like domain walls appear and turn into C-type walls during the reversal process. In order to avoid the problem with the numerical accuracy, we performed the calculations by tilting the external field to x or z direction by a few degrees. The external field tilted up to 1°to the x or z direction does not yield any change in the calculated results, whereas tilting by 2°leads to the uniform rotation of magnetization vectors over the entire system without the formation of any domain wall. The corresponding magnetization curve is shown in Fig. 6 where there are FIG. 8 . Spatial profile of stray field at y= ͑a͒ −5 nm, ͑b͒ −100 nm, and ͑c͒ −500 nm originating from the magnetization distributions shown in Fig. 3 . In each part, the upper panel indicates the x component of the stray field and the lower panel is y component. no slight rising portion at B app,y = 1.80 and virtually no hysteresis behavior, and this magnetization curve should be more appropriate. In reality, however, the thermal fluctuation and structural inhomogeneity may cause the formation of domain walls. The result in Fig. 5 claims that once such domain walls are formed, the character of the wall should be Bloch-like at higher or lower fields and the transition from Bloch-like to C-type walls should take place during the reversal process. Such a field dependency of the stability of domain wall structures is important issue to be further addressed. In this study, hence, our focus is directed to the results shown in Figs. 4 and 5, stating caution that the formation of the domain wall requires some fluctuations and these calculated results involve uncertainty regarding how many domain walls form during the reversal process. In the following, the field dependency of the domain wall structure is discussed based on anisotropic dependence of the wall energy on the direction of the external field.
In Sec. III A, the total energies of 180°Néel, C-type, and Bloch walls at zero external field were demonstrated. Within the present calculation, the total energy of the system consists of the exchange, crystalline anisotropy, demagnetization, and Zeeman energies. In this discussion, for simplicity, we assume that the magnetization vector distribution, i.e., the wall structure is fixed to be the one obtained without the external field in Sec. III A. Then, all the energy contributions except for the Zeeman energy are constants within this simplification. The Zeeman energy contribution, E ex , is explicitly given as
where V is the volume of the system and ͗M i ͘ AV is the spatial average of i component of M͑r͒ over the whole system. When M͑r͒ is assumed to be unchanged under the external field, the Zeeman energy and thus the wall energy has the linear dependence on the field and its slope is entirely determined by the averaged magnetization, ͗M i ͘ AV , over the system with the single wall structure. Figure 7 shows the field dependence of Néel, C-type, and Bloch wall energies calculated with the abovementioned simplification. The dependences of energy on B app,x and B app,y are presented in Figs. 7͑a͒ and 7͑b͒ , respectively. It should be pointed out that ͗M x ͘ AV and ͗M y ͘ AV are positive values in all three wall structures employed in this discussion. It is first noticed in Fig. 7 that the wall energies at zero field, B app,x ͑B app,y ͒ = 0, are identical to those given in Table I . One can readily grasp that the wall energies for these walls have quite different field dependencies. The C-type and Bloch wall energies do not significantly change with the field along the x direction ͓Fig. 6͑a͔͒, whereas the Néel wall structure is substantially stabilized by the field along the +x direction. When B app,x is less than −0.012, the C-type wall energy is lower than the Néel wall energy. It is, however, expected that at B app,x Յ −0.012, the Néel wall with negative ͗M x ͘ AV should appear, as this wall has much lower energy. When the applied field is parallel to y direction, the Néel wall energy is almost constant and the C-type and Bloch wall energies show strong dependencies ͓Fig. 7͑b͔͒. At B app,y = 2.0, both the Bloch and C-type wall energies are much lower than the Néel wall energy and the Bloch wall is the most stable. Although the Néel wall becomes the most stable at B app,y Յ 0.8, the domain wall structure does not necessarily relax into the most stable one. The domain wall structure is one of the minimum energy states and, therefore, the transition between the wall structures cannot be discussed based only on the comparison in the wall energy. One point to be mentioned here is that the transition from the Bloch wall to the Néel wall involves a substantial realignment of magnetization vectors, i.e., large rotations of the magnetization vectors over the wall region, compared to the transition from Bloch to C-type walls, which can be understood from the difference in the value of ͗M i ͘ AV , that is, the slopes of wall energies in Fig. 7 . As observed in Fig. 5 , the Bloch-like walls change into the C-type walls. A further discussion needs the analysis on possible paths from one type of wall structure to the other type and the comparison between the energy barriers for each path, which are beyond the present concern.
The present discussion is based on the condition that the domain wall structure is invariant under the external field, which, in reality, cannot be satisfied. Within this simplification, however, one can readily grasp the essential point about the external field dependence of wall energy. 
C. Stray field during magnetization processes
The knowledge about the stray field of ferromagnetic electrodes is indispensable in studying the spin transport phenomena in a spin injection device. 21, 45 In addition, such knowledge is a basis in the MFM analysis on the micromagnetic structure. 7, 10 In this section, we discuss the stray field behavior resulting from the micromagnetic state shown in the previous sections.
The external field applied to the width direction results in appearance and disappearance of the Néel wall at the center of film as discussed in the Sec. III B. Figure 8 represents spatial profiles of the concomitant stray field at ͑a͒ −5 nm, ͑b͒ −100 nm, and ͑c͒ −500 nm below the Fe thin film wire. In Figs. 8͑a͒-8͑c͒ , the upper and lower parts show the profiles of the x and y components of local stray field, respectively. It is noted that x = 0 and x =1 m correspond to the edges of Fe thin film ͑see Fig. 1͒ . First, the edge effect is fairly strong at y = −5 nm when the sample is fully magnetized to the −x direction at B app,x = −0.5 T. When B app,x =0, one can clearly notice the existence of the Néel wall in both the x and y components of the stray field at y =−5 nm ͓Fig. 8͑a͔͒. This effect drastically becomes week as going far below the wire and, at −500 nm below the wire, this almost completely disappears.
Shown in Fig. 8 is the dependence of the stray field on the external field. In Figs. 8͑a͒-8͑c͒ , the upper and lower parts represents the x and y components of the stray field, respectively. It should be emphasized here that the location of x = 0.5 m corresponds to the center of the Néel wall. It is seen that there exists the hysteresis of stray field at all the spatial points. The range of magnitude of stray fields B s,x and B s,y are quite small, less than 20 mT, at x = 1.5 m ͓Fig. 9͑b͔͒. The large variation of the stray field at x = 0.5 m and y =−5 nm ͓Fig. 9͑c͔͒ is entirely ascribable to the formation of Néel wall. This effect of Néel wall drastically decreases with going far below the wire and is not substantial at y = −500 nm. The complicated shape of the hysteresis curve at x = 0.25 m and y = −5 nm partly stems from the edge effect.
The external field parallel to the thickness direction may not introduce any domain wall during the reversal process in this wire, as discussed in the Sec. III B. However, the formation of domain walls as shown in Fig. 5 , which is associated with the numerical accuracy in the calculation, is likely to occur due to the thermal fluctuation and structural inhomogeneity in reality. In the following, therefore, we focus on the reversal process shown in Figs. 4 and 5 in order to demonstrate the effect of the domain wall formation and transition on the stray field behavior. Figure 10 is the spatial profile of the corresponding stray field below the Fe thin film wire. Again, the edge effect is strong at y = −5 nm when the sample is fully magnetized. The existence of two Bloch-like walls can be seen in stray field at y = −5 nm when the external field is zero and this is invisible at y = −500 nm.
The dependence of stray field on the external field is demonstrated in Fig. 11 . It is noticed that the location of x = 0.35 m ͓Fig. 11͑c͔͒ corresponds to the center of the domain wall. The change of the wall structure is quite sensi- 
IV. SUMMARY
In the present study, the micromagnetic behavior of the Fe thin film wire, which is one of the effective electrodes for the spin transistor, has been studied on the basis of twodimensional micromagnetic simulation. First, we identified that the most stable 180°domain wall structure in this film wire at zero field is Néel wall. Our concern was then directed to the external field dependence of the domain wall structure and the corresponding stray field. The external field applied to the width direction results in the formation of Néel wall which is the most stable wall without the field. On the other hand, our calculation showed that the Bloch-like and C-type walls are introduced by the external field applied to the thickness direction, although uncertainty is involved in our result regarding the number of domain walls appearing during this process. These behaviors can successfully be comprehended based on the external field dependence of the wall energy. Finally it should be mentioned that in the present simulation, we did not take into account the effects of structural inhomogeneity, thermal fluctuation and an additional uniaxial anisotropy effect due to surface reconstruction of InAs. 46 The explicit consideration of these effects is required for a more realistic and detailed analysis on the micromagnetic state in the Fe film. This remains as a future work.
